Nicotinate has been postulated to interfere with the binding of 02 to ferrous leghemoglobin in soybean (Glycine max) root nodules. For such a function, the levels of nicotinate in nodules must be sufficiently high to bind a significant amount of leghemoglobin. We have measured levels of nicotinate, nicotinamide, and leghemoglobin in soybean nodules from plants 34 to 73 days after planting in a glasshouse. On a per gram nodule fresh weight basis, levels between 10.4 and 21 nanomoles for nicotinate, 19.2 and 37.8 nanomoles for nicotinamide, and 170 to 280 nanomoles for leghemoglobin were measured. Even if all the nicotinate were bound to ferrous leghemoglobin, only 11% or less of the total leghemoglobin would be unavailable for binding 02-Using the measured levels of nicotinate and a pH of 6.8 in the cytosol of presenescent soybean nodules, we estimate that the proportion of ferrous leghemoglobin bound to nicotinate in such nodules would be less than 1%. These levels of nicotinate are too low to interfere with the reaction between ferrous leghemoglobin and 02 in soybean root nodules.
reactivity of Lb in vivo. Also, it was suggested that, in senescing nodules, a lowered pH might favor the autoxidation of ferrous Lb and LbO2 to ferric Lb and that the very high affinity binding of nicotinate to ferric Lb might precede the irreversible breakdown of this pigment (13) .
For the pursuit of these hypotheses, it is critical to know whether the nicotinate in aqueous extracts ofsoybean noduIes (1, 5, 6 ) is an endogenous, natural ligand of Lb or merely an artifact of the aqueous extraction procedure. For example, the enzyme nicotinamide deamidase is known to be present in the cytosol and bacteroids of homogenized nodules (13) , and it is possible that this and other hydrolytic enzymes could have been responsible for the production of nicotinate from nicotinamide or pyridine nucleotide coenzymes. Accordingly, we have measured the levels of nicotinate and nicotinamide in extracts made by the homogenization of nodules in hot 70% aqueous ethanol, a procedure expected to rapidly inactivate hydrolytic enzymes. Both nicotinate and nicotinamide are soluble in 70% ethanol, and at high temperature (75°C) this solvent denatures Lb nicotinate and liberates nicotinate from it (CA Appleby, unpublished observations).
Lb2 is a monomeric hemoglobin formed in the symbiotic tissue of legume root nodules where it transports oxygen to the respiring, nitrogen-fixing Rhizobium bacteroids (2) . The nicotinate (pyridine 3-carboxylate) anion is known to bind with high affinity to the heme iron of ferric or ferrous Lb from soybean (6, 16) and lupin (7, 17) , and these reactions are proton dependent (6, 8) .
The ligation of exogenous nicotinate to pure ferrous Lb (6) or to ferric Lb in the nodule (14) interferes reversibly with its oxygen-binding reaction. Because of reports that pea nodules (9) and bean nodules (18) have high contents of nicotinic acid, and because a large portion ofthe Lb in aqueous extracts of soybean nodules is ligated by 'endogenous' nicotinate (= ligand X) (1, 5) , it was proposed (6) 2Abbreviations: Lb, the mixture of all leghemoglobin components found in a legume nodule; Lba, the pure component a isolated from soybean Lb by an ion exchange chromatography; ferric Lb, ferric leghemoglobin, which is unable to combine with oxygen; ferrous Lb (or deoxyferrous Lb), the reactive species that combines reversibly with oxygen to give LbO2 (oxyferrous Lb).
METHODS

Nodules
Seeds of soybean (Glycine max L. Merr.) cv Lincoln were inoculated with Bradyrhizobiumjaponicum strain CC705 and grown in a glasshouse as described elsewhere (10) . Seeds of soybean cv Beeson were inoculated with a commercial inoculum (Nitragin, Milwaukee, WI) and grown under field conditions (12) . Ages of plants are given as days after planting the seeds.
Nitrogenase
C2H2-reducing activity was measured in triplicate on soybean roots as described elsewhere ( 12) . Protein concentration was estimated by the method of Lowry (15) . Leghemoglobin Homogeneous, nicotinate-free, ferric Lba was isolated by anion exchange chromatography of soybean root nodule extracts on DEAE-cellulose (4), concentrated by pressure filtration over Amicon YM10 membranes to 6 mm in 10 mM potassium phosphate (pH 7.0), and stored in small volumes in liquid nitrogen. The affinity of nicotinic acid for ferric Lba was measured in 50 mm sodium succinate buffer (pH 5.0) at 20°C, by procedures described elsewhere (6 (Fig. 1 A) Figure   IC for nodules from 73-d-old plants. Nodule extracts, especially those from older nodules, were yellow and absorbed light (dotted lines, Fig. 1, B and C) . The nonspecific absorbance by extracts from older nodules significantly distorted the ferric Lb difference spectra, e.g. dashed line of Figure IC . However, corrected difference spectra illustrated by the solid lines of Figure 1 , B and C, in which absorbance of the extract in succinate buffer was subtracted from absorbance of the extract plus 50 uM ferric Lba in 50 mM succinate, are very similar to difference spectrum of ferric Lba plus nicotinate versus ferric Lba as shown in Figure 1A .
The extraction of nicotinate and nicotinamide from nodules by hot ethanol was evaluated by determining the recovery of '4C-nicotinate or '4C-nicotinamide. When nodules and '4C-nicotinate were homogenized and extracted together, 92 to 97% of the radioactivity in the final extract cochromatographed on thin-layer sheets with authentic nicotinate and none with nicotinamide. When '4C-nicotinamide replaced '4C-nicotinate in the initial homogenization, 86 to 91% ofthe radioactivity cochromatographed with authentic nicotinamide and 6 to 10% with nicotinate. Some nicotinamide was deaminated to nicotinate during the extraction procedure, but Table I it is seen that the concentration ofnicotinate varies from 21 nmol/g fresh weight in the nodules of 46-dold glasshouse-grown plants at the peak of their nitrogenfixing activity, to a minimum of 10.8 nmol/g fresh weight in the nodules of 73-d-old plants approaching senescence. For the nodules from 34-d-old plants, the proportion of total nicotinate to total Lb was 0.1 14, the highest recorded in this experiment (Table I) . Even ifall of this nicotinate were bound to ferrous Lb, only 11.4% of total Lb would be unavailable for binding to oxygen. In fact, the proportion of ferrous Lb expected to be formed in the nodule would be much less than this.
If one assumes an average nicotinate content in the nodule of 15 nmol/g fresh weight (see Table I ), an average Lb content of 229 nmol/g fresh weight (see Table I (1, 5, 6) has frequently observed that a large part of the total Lb, typically 300 nmol/ g nodule wet weight, is present as ferric Lb nicotinate. We suppose that the lengthy aqueous extraction and centrifugation of such nodule preparations at 0 to 10°C had allowed endogenous nicotinamide deamidase to hydrolyze all nicotinamide to nicotinate. However, inspection of Table I shows that, even in nodules from 46-d-old soybean plants extracted with hot ethanol, the total content of nicotinate plus nicotinamide is only 58.8 nmol/g fresh weight. We conclude, therefore, that the much higher content of nicotinate in aqueous extracts of pea, bean, and soybean nodules may be due to the hydrolysis of pyridine nucleotide zenzymes to nicotinic acid via nicotinamide.
